Abstract Following the CORDEX experimental protocol, climate simulations and climate-change projections for Africa were made with the new fifth-generation Canadian Regional Climate Model (CRCM5). The model was driven by two Global Climate Models (GCMs), one developed by the Max-Planck-Institut für Meteorologie and the other by the Canadian Centre for Climate Modelling and Analysis, for the period 1950-2100 under the RCP4.5 emission scenario. The performance of the CRCM5 simulations for current climate is discussed first and compared also with a reanalysis-driven CRCM5 simulation. It is shown that errors in lateral boundary conditions and sea-surface temperature from the GCMs have deleterious consequences on the skill of the CRCM5 at reproducing specific regional climate features such as the West African Monsoon and the annual cycle of precipitation. For other aspects of the African climate however the regional model is able to add value compared to the simulations of the driving GCMs. Climate-change projections for periods until the end of this century are also analysed. All models project a warming throughout the twenty-first century, although the details of the climate changes differ notably between model projections, especially for precipitation changes. It is shown that the climate changes projected by CRCM5 often differ noticeably from those of the driving GCMs.
Introduction
The simulation of the African climate is a challenge for climate models due to the complexity and the diversity of processes to be represented, especially those contributing to the West African Monsoon (WAM). The IPCC 4th Assessment Report (IPCC AR4 2007) showed not only that there was little consensus among the climate projections for Africa (see also the review by Druyan 2010) , but also that the state-of-the-art models had difficulties in simulating the key elements of current climate. The tropical rainbelt was displaced equatorward in nearly all of the coupled global climate models (CGCM) simulations, and ocean temperatures were too warm by an average of 1-2°C in the Gulf of Guinea and typically by 3°C off the southwest coast in the region of intense upwelling. Many CGCMs misrepresented the WAM (Cook and Vizy 2006) , and in some there was no WAM at all, resulting in the summer rainfall failing to move inland from the Gulf of Guinea (IPCC AR4 2007) . Although a realistic and wellvalidated current climate simulation may not be sufficient to give confidence in a climate projection, climate projections of WAM from models with unrealistic reference climates are questionable.
Hence there is a need for enhancing the knowledge and understanding of the complex interactions between the climate components in this region of the world. Four avenues have been taken to overcome this gap: (1) observational campaigns such as AMMA (Redelsperger et al. 2006) to get in situ information about local processes , (2) model intercomparison experiments such as AMMA-MIP (Hourdin et al. 2010) , ALMIP (Boone et al. 2009 ) and WAMME Druyan et al. 2010) to identify model-specific and common biases across models, (3) improving the models' representation of the physical processes taking place in the region, and (4) the development of ensembles of simulations and projections in order to reduce the impact of model-specific biases.
One of the conclusions of the AMMA-MIP (Hourdin et al. 2010) was that climate models, when forced by observed sea surface temperatures (SSTs), roughly succeed in simulating the main features of the WAM such as the African Easterly Jet (AEJ) and the latitudinal migration of the tropical rainbelt with seasons. Nevertheless, the accumulated rainfall over the Sahel varied by an order of magnitude for the multi-model simulations in AMMA-MIP, the evolution of the WAM rainfall from the Guinea Coast to the Sahel was not properly simulated and no model appeared able to simulate correctly all the aspects of the WAM system. From the side of the WAM Modeling and Evaluation (WAMME) project, Xue et al. (2010) using an ensemble of 11 Global Climate Models (GCM) arrived to similar conclusions: when the SSTs are prescribed, the models reasonably simulate the WAM seasonal-mean precipitation, surface temperature distribution and averaged zonal wind, but the majority of them fail to represent the proper intensities of the AEJ as well as the Tropical Easterly Jet (TEJ), two important elements of the WAM system.
Regarding the performance of the Regional Climate Models (RCM) in West Africa, projects such as the WAMME Regional Model Intercomparison Study ) and the ENSEMBLES-Africa (Paeth et al. 2011) have been carried on the assessment of RCM simulations of the WAM system. Druyan et al. (2010) compared the performance of five RCMs forced by lateral boundary conditions (LBC) from NCEP II Reanalyses and two RCMs driven with LBC from HadAM3 GCM. All of the RCMs showed excessive precipitation over much of West Africa, which the authors found consistent with similar bias in NCEP II Reanalyses and HadAM3, the two datasets used for LBC. As in the GCM simulations, several RCM simulations failed to show a well-defined seasonal-mean AEJ core. As the AEJ is a direct consequence of the surface gradient of temperature and moisture (Burpee 1972; Cook 1999; Thorncroft and Blackburn 1999; Parker et al. 2005a, b) , this can be a reflection of the models difficulties in a region of strong coupling between the surface and the atmosphere (Koster et al. 2006) . Finally, the discrepancies in the results of RCMs sharing the same driving boundary conditions suggest that the internal model physics and dynamics play an important role in determining the quality of the nested simulations Paeth et al. 2011) . On the other hand, the authors found that many features of the GCM seasonal-mean precipitation distribution were improved by the downscaling but that each RCM individually failed to improve upon other features.
In the ENSEMBLES-Africa project (Paeth et al. 2011 ), nine RCMs with 50-km grid mesh were forced by the same LBC from the ERA-Interim Reanalyses for the period 1990-2007 over a domain that included West Africa. Three RCMs showed dry biases over central equatorial Africa, while three others overestimated the annual rainfall regionally by up to 50 %. Paeth et al. (2011) also analysed projected annual precipitation over the 2001-2050 period for the RCMs participating in the ENSEMBLES-Africa project. Different RCMs did not agree in terms of the future precipitation changes in western and tropical Africa. However, they noted that the multi-model ensemble mean generally outperforms the skill of individual models, illustrating the advantages of multi-model assessments for past and future African climate. Nested RCM have limited skill at dynamically downscaling when driving boundary conditions are not realistic, as is the case with many GCMs that suffer large systematic biases for current climate.
A recent study of Nikulin et al. (2012) using ten RCMs driven by ERA-Interim reanalyses also showed that overall the ensemble mean improves upon the individual models simulation of precipitation, mostly as a consequence of cancellation errors between the models. Furthermore, many RCMs simulated better precipitation climatology than that of the driving reanalyses; this supports the potential for added value of high-resolution RCMs by resolving smallscale processes (Di Luca et al. 2012; Feser et al. 2011) .
The COordinated Regional Climate Downscaling EXperiment (CORDEX; Giorgi et al. 2009 ; http://wcrp. ipsl.jussieu.fr/SF_RCD_CORDEX.html; http://www.meteo. unican.es/en/projects/CORDEX), which is an initiative of the World Climate Research Programme (WCRP; http:// www.wcrp-climate.org/), aims at regional climate modelling evaluation and improvement, and provides a standardized framework in which projections made with different CGCM participating in the Coupled Model Intercomparison Project-Phase 5 (CMIP5; Taylor et al. 2009 Taylor et al. , 2012 are dynamically downscaled by RCMs over selected continent-scale domains; see Jones et al. (2011) for more details on CORDEX Climate Projection Framework. Africa was selected as the first target region, thus providing an opportunity to improve climate-change projections over Africa. The fifth-generation Canadian RCM (CRCM5; Zadra et al. 2008; Hernández-Díaz et al. 2012, hereinafter HD12) recently developed at the ESCER Centre has been applied within CORDEX to simulate current climate in Africa by HD12 and in North America by Martynov et al. (2012b) , and for climate projection in North America by Š eparović et al. (2012) .
It is in this context that the CRCM5 is here applied over the CORDEX Africa domain, for the period 1950-2100, driven by two CGCMs-one developed at the Max-PlanckInstitut für Meteorologie (MPI-ESM-LR) in Hamburg (Germany) and the other at the Canadian Centre for Climate modelling and analysis (CanESM2) in Victoria (British-Columbia, Canada), under the RCP4.5 greenhouse gases scenario; see van Vuuren et al. (2011) for information on Representative Concentration Pathways (RCP) scenarios. This is part of our contribution to CORDEXAfrica and the aim of this paper is to describe the skill of CRCM5 in simulating current climate over Africa when driven by these two GCMs and to present the climatechange projections till the end of this century.
The paper is organised as follows. The methodology, CRCM5 description and the configuration of the simulations are presented in Sect. 2. Results for current climate obtained from the two GCM-driven CRCM5 simulations, which are compared to the observations and a previous ERA-driven CRCM5 simulation, are presented in Sect. 3, along with an evaluation of the skill of the models in simulating the WAM. The climate-change projections derived from the two GCM-driven CRCM5 simulations as well as from the two GCMs themselves follow in Sect. 4. Finally a summary of the findings and conclusions are presented in Sect. 5.
Methodology
Several steps are involved in carrying a climate simulation with a GCM, and even more steps are required for dynamical downscaling using an RCM because an RCM requires driving boundary conditions (BC), both at the lateral boundary in the atmosphere (LBC) and at the surface over oceans (SST), and these can come either from reanalyses or from an archived GCM simulation. Figure 2 shows a flowchart describing the framework of our study.
After completing a long GCM simulation, GCM-projected climate changes (GCM_CC) are obtained by taking the difference between the projected future climate (GCM Future) and the simulated current climate (GCM Present), considering for example averages taken over 30 years. The ability of the GCM to faithfully reproduce the current climate is a necessary, but not sufficient, condition for the credibility of projected future climate changes (Patricola and Cook, 2010) . The comparison of the GCM-simulated current climate (GCM Present) with some observational database provides a measure of the ''GCM structural biases'' (GCM_SB).
Two sets of simulations need to be performed with an RCM, one with driving boundary conditions from reanalyses and another from an archived GCM simulation. Comparing reanalysis-driven RCM simulations (RCM/ ERA) with some observational database provides a measure of the ''RCM structural biases'' (RCM_SB). In principle the RCM structural biases are expected to be smaller than the GCM structural biases, due to the higher resolution of RCM and to the fact that the RCM is driven by (nearly) perfect boundary conditions from reanalyses. On the other hand, when an RCM is driven by a GCM (RCM/GCM), the RCM simulations are affected by the combined effect of its own structural biases and of the imperfect BC (RCM_SB_BC). Comparing GCM-driven RCM simulations (RCM/GCM) with reanalysis-driven RCM simulations (RCM/ERA) provides a measure of the effect of the lateral and lower boundary conditions on the RCM simulation (BC_E = RCM_SB_BC -RCM_SB).
Climate changes are obtained from GCM-driven RCM simulations (RCM_CC) by taking the difference between the projected future climate (RCM/GCM Future) and the simulated current climate (RCM/GCM Present). Comparing a GCM-driven RCM simulation with the corresponding driving GCM simulation provides a measure of the ''added value'' afforded by dynamical downscaling with an RCM; note that while one hopes that the added value afforded by the higher resolution contributes to an improvement, it is possible that it may also constitute a deterioration. The added value may be studied under current climate conditions (RCM_AV_p), for future climate (RCM_AV_f), or for the climate changes themselves (CC_AV).
Model description
A detailed description of CRCM5 is given in HD12. CRCM5 is based on the limited-area model (LAM) configuration of the Canadian Global Environment Multiscale (GEM) model (Zadra et al. 2008 ). The physical parameterisations include the Kain and Fritsch (1990) deep-convection and Kuo-transient (Kuo 1965; Bélair et al. 2005) shallow convection schemes as well as the Sundqvist scheme for large-scale condensation (Sundqvist et al. 1989) , the correlated-K scheme for solar and terrestrial radiations (Li and Barker 2005) , a subgrid-scale mountain gravity-wave drag (McFarlane 1987) and low-level orographic blocking (Zadra et al. 2003) , a turbulent kinetic energy closure in the planetary boundary layer and vertical diffusion (Benoit et al. 1989; Delage and Girard 1992; Delage 1997) , and a weak r 6 lateral diffusion.
The land-surface scheme of CRCM5 is the Canadian LAnd Surface Scheme (CLASS; Verseghy 2000 Verseghy , 2008 in its most recent version, CLASS 3.5. For these simulations 26 soil layers are used reaching to a depth of 60.0 m, instead of the default three layers with the bottom at 4.1 m used in the simulation presented in HD12. Otherwise, as in HD12, the standard CLASS distributions of sand and clay fields as well as the bare soil albedo values were replaced by data from the ECOCLIMAP database (Masson et al. 2003) . The interactive thermo-dynamical 1-D lake module (FLake model) was also used (see Martynov et al. 2010a Martynov et al. , 2012a .
Simulation configuration
CRCM5 was integrated over the African domain recommended by CORDEX ( Fig. 1) with a horizontal grid spacing of 0.44°, with a 20-min timestep. The computational domain has 216 9 221 grid points, excluding the semi-Lagrangian halo but including a 10-grid-point wide sponge zone around the perimeter; hence the free domain is 196 9 201. In the vertical, 56 levels were used, with the top level near 10 hPa and the lowest level at 0.996*p s where p s is the surface pressure. For diagnostic analysis the simulated fields were interpolated to 22 pressure levels (1000, 975, 950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 15 and 10 hPa); most variables were archived at three hourly intervals, except precipitation and surface fluxes that were cumulated and archived at hourly intervals.
For the GCM-driven CRCM5 simulations the atmospheric lateral boundary conditions (LBC) and sea-surface temperatures (SSTs) came from two GCMs simulations for the period 1950-2100, under historical and RCP4.5 emission scenario. One GCM is MPI-ESM-LR, the Earth System version of the Legates and Willmott 1990a, b; Willmott et al. 1998 ) gridded analyses at 0.5°spatial and monthly temporal resolution, the GPCP dataset at 1°daily (Global Precipitation Climatology Project; Adler et al. 2003 ) available from 1997 (Huffman et al. 2001) , and the TRMM (Tropical Rainfall Measuring Mission; Huffman et al. 2007 ) dataset, at a resolution of 0.25°a t 3 hourly (3B42) and monthly intervals (3B43), covering the period from 1998 to present.
Current climate results
Before analysing climate projections, it is paramount to first study the performance of the models in simulating current climate, as model projections cannot be credible if models are unable to reproduce skilfully the current climate. In this section we focus on the results of simulations under current climate, corresponding to the orange section of the flowchart shown in Fig. 2 . The period will be considered as the reference or control period for the climate-change projections.
Seasonal mean climatology
As most of the African continent lies within the tropics, the seasonal migration of the tropical rainbelt, which regulates the alternation of wet and dry seasons, is an important characteristic of the climate. In boreal winter, the tropical rainbelt is at its southernmost position and the precipitation maximum lies mostly south of the equator. To the north, the continent is under the influence of the dry northeasterly winds. In boreal summer, the tropical rainbelt is at its northernmost location and the precipitation in confined essentially in a band north of the equator, reaching up to 15°N in the Sahel; in this season, the humid southwesterly monsoonal winds penetrate further north into the continent. These changes in circulation and precipitation are induced by the seasonal variations of the surface temperature contrast between land and ocean. In boreal summer the Sahara is very hot and the east equatorial Atlantic Ocean is colder than in boreal winter. The large-scale pressure gradient between the hot Sahara and the colder equatorial Atlantic Ocean brings the southerly flow from the ocean to the land and the West African Monsoon (WAM) precipitation into the Sahel. In fact, in boreal summer the two key players of the northern migration of the WAM rainfall are the thermal low located over the Sahara (the Saharan Heat Low, SHL), and the cold tongue present in the east equatorial Atlantic Ocean (e.g., Thorncroft et al. 2010; Lafore et al. 2010; Nguyen et al. 2011) . Figure 3 shows the SST bias of the two GCMs for current climate (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , in boreal winter (JFM) and boreal summer (JAS). The most striking feature is the warm bias in the Guinea Gulf and the tropical Atlantic Ocean along the West Coast of the continent southward of the equator in JAS; in fact in both GCMs this bias extends quite far off the African coast (not shown), which certainly introduces biases in the atmospheric circulation serving as LBC to CRCM5. Both models fail to represent properly the cold tongue that develops in boreal spring (AMJ, not shown) and reaches its maximum intensity in JAS. As it is the development of the cold tongue in spring and its reinforcement in summer that, combined with the evolution of the SHL and its associated Shallow Meridional Circulation (SMC), brings the WAM rainfall from the equator to the Guinea Coast region in spring and later over the Sahel region in summer, this SST bias will have repercussions on the GCM-driven CRCM5 simulations of the WAM, as will be shown later. In order to capture at a glance the performances of the models in current climate we show results for the JFM and JAS seasonal-mean 2-m air temperature for the 20-year CORDEX period 1989 20-year CORDEX period -2008 (Fig. 4) ; for precipitation ( Fig. 5) , a shorter period 1997-2008 is used due to limitations in the availability of observational datasets. In both figures, top left panels show one source of observation used as reference; all other panels except rows three and five show biases as departure from this reference. Top right panels show the structural bias of the ERA-driven CRCM5 simulation (RCM_SB) that was extensively analysed in HD12. The second row shows the GCM-driven RCM bias resulting from the combined effects of CRCM5 structural bias and the lateral and lower boundary conditions (RCM_SB_BC) when driven by CanESM2 (left) and MPI (right). The third row shows difference between the GCMdriven and ERA-driven CRCM5 simulations, reflecting the impact of lateral and lower boundary errors on the CRCM5 simulation (BC_E) when driven by CanESM2 (left) and MPI (right); this field is in fact equal to the difference between RCM_SB_BC and RCM_SB. The fourth row shows the bias of the driving GCMs (GCM_SB), CanESM2 on the left and MPI on the right. Finally the fifth row shows the difference between the GCM-driven CRCM5 and the driving GCM simulations (RCM_AV_p), which kind of constitutes the CRCM5 added value under current climate, again when driven by CanESM2 (left) and MPI (right); this field is in fact equal to the difference between RCM_SB_BC and GCM_SB. For the temperature (Fig. 4) only the third and fifth rows show the differences over the oceans.
Compared to CRU analysed 2-m temperatures, there is a slight cold bias in the ERA-driven CRCM5 simulation in JFM ( Fig. 4a : RCM_SB) over most of the domain south of the equator, as well over a part of the West Africa region. On the other hand, there is a warm bias near the border between the Central African Republic and the Democratic Republic (DR) of Congo. The MPI-driven CRCM5 simulation exhibits a stronger cold bias that occupies a larger region (RCM_SB_BC: MPI), as confirmed by the panel BC_E: MPI showing the difference between the MPI-driven and the ERA-driven CRCM5 simulations. The MPI GCM exhibits a strong cold bias over the Guinea Coast states and a warm bias in a narrow band along the southwest coast of Africa (GCM_SB: MPI); the CRCM5 is almost neutral at correcting the cold bias, but succeeds at correcting part of the warm bias, as can be seen in RCM_AV_p: MPI. On the other hand, the ERA-driven CRCM5 weak cold bias over the Sahara combines with the equally weak cold bias of the MPI GCM there, and results somehow in a stronger cold bias in MPI-driven CRCM5. Compared to the ERA-driven simulation the CanESM2-driven CRCM5 simulation exhibits stronger cold bias over most of West Africa but a reduced cold bias south of the equator, and in fact almost no bias over Botswana, Zimbabwe and Zambia, which is better than ERA-driven simulation, possibly because BC_E: CanESM2 cancels the RCM_SB.
In JAS (Fig. 4b) , ERA-driven CRCM5 exhibits a cold bias over the East Africa Highlands, the elevated terrains of (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) Ethiopia and Sudan, eastern Madagascar, and over the coastal countries of the Gulf of Guinea when compared to CRU (and UDEL, not shown). On the other hand, the model is slightly warmer than CRU in regions such as the Sahara, the apparent warm bias reaching up to 2°C in regions such as the southern Congo basin and Oman. It is worth mentioning however that when comparing with ERA-Interim reanalyses or UDEL dataset, the CRCM5 simulation has a weak cold bias over the Sahara rather than a warm bias as noted in the comparison with CRU data (see the related discussion in HD12). Both GCMs exhibit a generalised warm bias over the continent (GCM_SB: Can and GCM_SB: MPI). With the exception of the cold bias in the Guinea Gulf Coast region which is peculiar to the CRCM5 and that is still present when driven by the two GCMs, everywhere else the GCMs warm bias is partly corrected by the CRCM5, as can be seen in RCM_AV_p.
The skill of the models in simulating seasonal mean precipitation, using GPCP as reference, is presented in Fig.  5 (a: JFM; b: JAS). In JFM the ERA-driven CRCM5 simulation has a rather small bias. Precipitation over the equatorial Atlantic Ocean is overestimated by both GCMs and the maximum is displaced southward, as seen in GCM_SB. When driven by GCMs, CRCM5 improves the
tropical rainbelt compared to the driving GCMs, as seen in RCM_AV_p that has overall the opposite sign of GCM_SB. On the other hand, the ERA-driven CRCM5 dry bias in the Gulf of Guinea coast remains in all GCM-driven CRCM5 simulations, and is in fact amplified although only MPI has also a dry bias there. There is a wet bias east of Madagascar in the ERA-driven CRCM5 simulation (RCM_SB) and a general dry bias over Madagascar in both GCMs; the wet bias is in fact intensified in the GCMdriven CRCM5 simulations, as confirmed in BC_E. In JAS, the ERA-driven CRCM5 has a dry bias in the Sahel region and in the DR of Congo, as well as in a small region of the Guinea Gulf (RCM_SB). A dry bias in the Sahel is also present to some extent in the MPI simulation (GCM_SB: MPI). The CRCM5 dry bias remains when driven by MPI (RCM_SB_BC), and is amplified when driven by CanESM2 as confirmed by the difference field BC_E: CanESM2. Both GCMs exhibit a wet bias over the Guinea Gulf (GCM_SB), larger in MPI. This wet bias is associated to the GCM-simulated SST biases. In both GCM-driven CRCM5 simulations, the GCM wet bias is further propagated to the Guinea Gulf Coast states. On the other hand the CRCM5 reduces the wet bias over the ocean, as seen in RCM_AV_p that has the opposite sign to Fig (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) GCM_SB. CRCM5 also corrects the MPI dry bias in the South Sudan (GCM_SB: MPI), as can be seen from RCM_AV_p: MPI and RCM_SB_BC: MPI. Interesting, the CanESM2-driven CRCM5 has a dry bias in this region (RCM_SB_BC: Can) while its driving GCM has a wet bias (GCM_SB: Can).
3.2 Annual cycle of precipitation Figure 6 displays the mean annual cycle of precipitation for some of the African-CORDEX regions shown in Fig. 1b . The observed annual cycle from three different datasets (CRU, GPCP and TRMM), as well as from the ERA-driven CRCM5 simulation, are shown in addition to the CanESM2-and MPI-driven CRCM5 simulations, as well as CanESM2 and MPI simulations. The equatorial regions (CA-NH, CA-SH and WA-S) have two rainy seasons because of the double passage of the tropical rainbelt. This is well accounted for by all models in CA-SH and CA-NH, although with some errors in timing and intensity; for these regions, the GCM-driven CRCM5 simulations are better than the driving GCM. For the WA-S region, only the ERA-driven CRCM5 simulation succeeds in representing the bimodal distribution of precipitation with two maxima,
in AMJ and ASO. Both GCMs, as well as the GCM-driven CRCM5 simulations, miss this feature and show instead a single maximum of precipitation in JAS. Both GCMs overestimate the rainfall amounts in the WA-S region, and this wet bias is amplified in the GCM-driven CRCM5 simulations. In all the other regions however the GCMdriven CRCM5 simulations improve upon the GCM simulated annual cycle. An exception is the region of the Sahel (WA-N) where MPI and CanESM2 show a better representation of the annual cycle compared to CRCM5; this however appears to be due to a compensation of errors resulting from SST biases and coarse resolution.
Diurnal cycle of precipitation
The diurnal cycles in CRCM5 simulations driven by ERA, CanESM2 and MPI, are compared to that of the TRMM dataset for the period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) in the same regions (Fig. 7) . It is well known that maximum precipitation in tropical climates tends to occur in the evening or overnight rather than in the afternoon as in mid-latitudes. The proper simulation of the diurnal cycle over regions of the African continent is one of the most difficult tasks for the climate models (e.g., Nikulin et al. 2012) . The CRCM5 simulates fairly well the diurnal cycle of precipitation in most of the regions, with some tendency for precipitation maximum somewhat early rather independently of the driving data except for two equatorial regions: CA-NH and CA-SH. The MPI-driven CRCM5 simulation does particularly well in these two equatorial regions, CA-NH and CA-SH, but overestimates the precipitation amounts in WA-S. In the WA-N region, the MPI-driven CRCM5 simulation does better than the CanESM2-driven one, and this is also true for the SA-E region. In the EH region the CanESM2-driven CRCM5 simulation performs better, although the shape of the cycle is displaced to an earlier rainfall peak. Finally, in the EA region the simulated diurnal cycles are very close. Figure 8 shows the distribution, by range of intensities, of the contributions to daily precipitation amounts (hereinafter called the daily precipitation intensity distribution, DPID), from the three CRCM5 simulations and the two GCMs simulations, as well as from the TRMM observational dataset for the period (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) for the same regions of Figs. 6 and 7. These figures in fact should be drawn as histograms, but are shown as curves for ease of comparison between several datasets. These figures are designed such that the sum of all the bins gives the daily average precipitation. For example, in WA-N in JAS (Fig.  8a ) the MPI model (in dashed cyan) has a value of 2 mm/ day (Y axis) in the range of daily precipitation intensities from 8 to 16 mm/day (X axis); this corresponds to 184 mm, i.e. 2 mm/day multiplied by 92 days for JAS. The JAS mean precipitation amount is 487.6 mm, that is the product of the number of days (92) times the average daily precipitation (5.3 mm/day) shown in the upper left corner of the graphic. In other words, the range of daily precipitation intensities from 8 to 16 mm/day contributes for a fraction of 2/5.3 to the total precipitation. For the WA-N region (Fig. 8a ) although CanESM2 and MPI succeed in reproducing the average precipitation of the observations (5.3 mm/day), the DPID are very different, CanESM2 even exhibiting a bimodal distribution that is inexistent in the observations. In MPI and all the CRCM5 simulations, there is displacement of the maximum contribution toward smaller daily intensities (8-16 mm/day) with respect to observations (16-32 mm/day). Overall MPI shows a better distribution than CanESM2. The CRCM5 simulations have similar shapes to the observed distribution although with smaller average precipitation amounts. We recall that we saw in Fig. 6a that CanESM2 and MPI showed the best match with the observed annual cycle of precipitation in WA-N; their DPID however differ very much from the observations. For the WA-S region (Fig. 8b) the ERA-and CanESM2-driven CRCM5 simulations have the best distributions. In fact, the DPID of CRCM5 is better than that of its driving model. The improvement is less remarkable in the case of the MPI-driven CRCM5 with respect to MPI. For the other two equatorial regions (CA-NH and CA-SH) (Fig. 8d, e) all the CRCM5 simulations (ERA-and GCM-driven) have similar DPID and best match the observed DPID. In these regions also the CRCM5 considerably improves upon the corresponding driving GCMs DPID. The same is true for the SA-E region (Fig. 8g) . In this case however the CanESM2-driven CRCM5 shows a somewhat flattened distribution.
Daily precipitation intensity distributions
The DPID of the two GCM-driven and the ERA-driven CRCM5 simulations are very similar in the EA region (Fig. 8f) , improving upon that of the corresponding driving GCMs. The situation is somehow different in the EH region (Fig. 8c) where although CanESM2-driven CRCM5 still improves upon CanESM2, the peak of the distribution is overestimated with respect to that of the observations, but less than those of the very similar ERA-driven and MPI-driven CRCM5 simulations. It is worth to note that in this region the TRMM showed smaller amounts of precipitation than the other observational datasets (GPCP and CRU) as was seen in Fig. 6c .
Finally a recurrent feature of the CanESM2 in all regions is a bias of the precipitation distribution towards lower intensities and even occasionally a bimodal distribution that is not found in the observations; the CanESM2-driven CRCM5 simulation is able to correct this deficiency.
West African monsoon
As the WAM is one of the most important elements of the African climate, this section is dedicated to the analysis of the performance of the climate models employed in this study in simulating the WAM. Hovmöller-type diagrams presented in Fig. 9 show time-latitude cross-sections of daily precipitation, averaged over 10°W-10°E for the period 1997-2008, from GPCP data, as well as from the CRCM5 simulations driven by ERA, CanESM2 and MPI, and from the CanESM2 and MPI simulations. A 31-day moving average has been applied to remove high-frequency variability. It can be noted that only the ERA-driven CRCM5 simulation succeeds in reproducing the seasonal migration of the WAM precipitation, with a first peak in the Guinea Coast in May (around 5°N) and a second one in the Sahel region (around 10°N) in August. The ERA-driven CRCM5 simulation also reproduces the second rainy season of the Guinea Coast region in September. The two GCMs fail to reproduce this pattern as they show essentially only the maximum around 10°N. The two GCM-driven CRCM5 simulations suffer from the same handicap as their driving GCM, producing only one rainy season from the coast up to 10°N and with higher intensities, the MPI-driven simulation being the most intense. The GCM precipitation peak at 5°N occurs much later in the season than in the observations; given the coarse mesh of the GCM, this peak is probably simply an extension of nearby ocean precipitation rather than the beginning of the continental rainy season. In other words, the bimodality of the rainy season in the Gulf of Guinea coast, present in the ERA-driven CRCM5 simulation, disappears when driven by the GCMs and is also absent in the GCMs. This is related to the misrepresentation of the seasonal cycle of the GCM-simulated SSTs in the equatorial Atlantic Ocean (see Fig. 3 ). Furthermore CanESM2 shows precipitation too far north, beyond 20°N, while MPI gives a better representation closer to the observed values ( between 15°N and 20°N ). On the other hand, all of the CRCM5 simulations barely go beyond 15°N. The dry bias of reanalyses-driven CRCM5 in the Sahel region (as noted in HD12) remains when driven by CanESM2 and MPI, as can be seen also in Figs. 5b, and 6a.
The seasonal-mean vertical cross-sections of the mean zonal wind from 10°S to 35°N, averaged between 10°W and 10°E, is presented in Fig. 10 ; the left column shows the CRCM5 driven by ERA, CanESM2 and MPI, and the right column the corresponding driving data. The main features of the WAM circulation are represented in all simulations, although with more or less success; this includes the cooler and humid southwesterly monsoonal winds and the hot and dry easterly winds in the low levels, the African Easterly Jet (AEJ) in the mid levels, and the Tropical Easterly Jet (TEJ) in the upper troposphere. The monsoonal winds reach 20°N in the reanalyses while in CanESM2 and MPI they only reach 18°N. The shape of the dome they form are also different, MPI being the nearest to the reanalyses. The CRCM5 simulations also show a somewhat different shape of monsoonal winds when compared to their driving data. The surface convergence between the monsoonal and easterly winds is located further south (by almost 2°) in the CRCM5 simulations compared to the driving data, and the same is valid for the position of the AEJ. The core of the AEJ is nearly at the right height and intensity in almost all of the CRCM5 simulations, but it is smaller in the CanESM2-driven CRCM5 simulation. On the other hand, it is oversized in the MPI model, but better represented in the MPI-driven CRCM5 simulation. The southward bias in the position of the AEJ is thus present not only in the ERA-driven but also in the CanESM2-and MPI-driven simulations. This feature seems particular to CRCM5 and is in accordance with the dry bias in the Sahel region (Figs. 5b, 6a, 9) as discussed in HD12. The intensity and the shape of the TEJ are better represented in both CRCM5 simulations than in the driver models.
Climate-change projections
The projected changes in mean 2-m temperature from CRCM5 simulations driven by CanESM2 and MPI, as well as from the corresponding driving models, are shown in Fig. 11, for JFM (Fig. 11a) and JAS (Fig. 11b) , for three future time slices: (2011-2040), (2041-2070) and (2071-2100), compared to the reference period . In both seasons, all models become progressively warmer as the end of the twenty-first century approaches, the JAS season being generally warmer than JFM. There are some notable differences between models. CanESM2 projected warming is substantially larger than that of MPI, and the CRCM5 projected warming is always smaller than that of its driving GCM. The CanESM2-driven CRCM5 projected warming pattern is rather different from that of CanESM2, particularly in JFM. In this season CanESM2 shows three regions of maximum warming that get more intense towards the end of the twenty-first century: a portion of West Africa, the Congo Basin and the Kalahari and Namibia deserts in South Africa. At the same time, the CanESM2-driven CRCM5 only shares the first two regions of maximum warming, with less intensity and over a smaller area. CRCM5 also shows a maximum of warming over Ethiopia and the Horn of Africa that is not so well defined in CanESM2. On the other hand, when driven by MPI the CRCM5 shows more similar warming intensities with respect to the driving model, and these are smaller than those projected by CanESM2 and CanESM2-driven CRCM5. Although the warming pattern of MPIdriven CRCM5 and MPI is not identical, both share a region of warming in South Africa which is however of greater intensity and extension in MPI. In JAS, there is a generalised warming shared by all models, but little consensus for the magnitude and location of the regions of maximum warming. The CanESM2 projects a maximum warming in an almost latitudinal band north of 15°N over the whole continent; this pattern is more or less reproduced by CRCM5, but with less intensity. The MPI on the other hand shows a maximum warming over part of the Sahara only and in the Sahel region in a latitudinal band centred at 15°N; this pattern is reproduced only in part by the CRCM5, which shares only the Sahel warming with its driving model. Maximum warming south of the equator from the middle of the century and towards the end is present in both GCMs, although very much less intense in MPI; it is also present in the CanESM2-driven CRCM5, not in the MPI-driven CRCM5. In general, the magnitude of projected warming is larger in CanESM2 than in MPI, and the same is true for the corresponding GCM-driven CRCM5 simulations.
Corresponding projected precipitation changes are shown in Fig. 12 . In JFM (Fig. 12a) projected changes are overall small and there is little consensus between models. CanESM2 gives an increase in precipitation in the East Africa region that intensifies towards the end of the century, which is not the case for MPI or CanESM2-driven CRCM5 simulations. CanESM2-driven CRCM5 simulation projects drying in the Congo basin while CanESM2 projects no change in the region. MPI and MPI-driven CRCM5 simulations project little change in precipitation over land. Otherwise over the ocean there is an increase in precipitation over the equatorial Atlantic Ocean growing toward the end of the century in MPI, which is not reproduced in the MPI-driven CRCM5 simulation. At the same time, to the south, there is a reduction in precipitation in a band centred at 15°S which is also reproduced in the MPIdriven CRCM5. The common feature of the projected precipitation changes in JAS (Fig. 12b) is a narrowing of the tropical and over southern Mali and Senegal to the north. At the same time there is an intensification of the precipitation over land in a band south of 15°N. Drying is also projected but of lesser extent by MPI over the ocean to the north and to the south of the tropical rainbelt for which there is a projected increase of intensity. All GCM-driven CRCM5 simulations project continuous drying over the Sahel during the twenty-first century, stronger in the MPI-driven simulation. The pattern of precipitation changes over West Africa projected for the end of the century by the MPIdriven CRCM5 is in fact quite similar to that obtained by Sylla et al. (2010) with RegCM3 driven by an earlier version of MPI CGCM under the A1B scenario. All the models, including the two GCM-driven CRCM5 simulations, project an increase in precipitation over the ocean in the West Coast although with different intensities, the largest ones are found in both CRCM5 simulations. The projections for the annual cycle of precipitation for the last 30 years of the twenty-first century are shown in Fig. 13 (for the same regions of Fig. 6 ) as obtained from the CanESM2-and MPI-driven CRCM5 simulations, as well as from CanESM2 and MPI themselves. Solid lines represent the future time slice (2071-2100) and dashed lines the reference period ; since the pattern is essentially the same for the 3 future time slices, we choose to show only the last one. Generally, for each model there are no major changes between the simulated annual cycles in current and future climate, although there are some differences. As shown before (Fig. 6a) in the WA-N region both GCMs have higher intensities than the corresponding GCM-driven CRCM5 simulations (Fig. 13a) for the unique rainy season of the region, with CanESM2 giving the largest rainy season. Before the rainfall peak of August, there is a slight projected reduction in precipitation by CanESM2 and CanESM2-driven CRCM5. In the other regions with only one rainy season (EA, SA-E) all the models show little change in the future compared to the current climate, with the exception of CanESM2 that projects higher intensities in JFM for the EA region (Fig. 13f) . This is also the case in the Ethiopian Highlands (EH) where again CanESM2 projects not only higher intensities but also a longer rainy season, while CanESM2-driven CRCM5 remains very close to the current climate situation and shows the narrowest rainy season in both time slices (Fig. 13c) . On the contrary, MPI and MPI-driven CRCM5 share almost the same shape for the annual cycle, but CRCM5 gives higher intensities than the MPI in both time slices. In the equatorial regions, the double rainy season persists for the CA-NH (Fig. 13d) and CA-SH (Fig. 13e) regions, with an intensification projected by MPI in both seasons and for both regions, and by CanESM2 in both seasons but only for the CA-NH region. MPI-driven CRCM5 also projects a slight intensification but only for the second rainy season in both regions. As shown before (Fig. 6b ) the double rainy season of the Guinea Coast region (WA-S), properly reproduced by CRCM5 when driven by ERA, disappears when driven by either CanESM2 or MPI models that also show only one long rainy season. Fig. 13b shows that while CanESM2 projects a slight reduction of the intensity of precipitation, MPI projects an intensification, as well as MPI-and CanESM2-driven CRCM5 simulations, both of which are already of higher intensities in both time slices than their respective driving models.
As regards of the simulated diurnal cycle and daily precipitation intensity distributions, there are no significant changes in the projections by all of the models compared to the current climate. Figure 14 shows time-latitude Hovmöller diagrams of daily precipitation (mm/day) in West Africa as projected by the models for three future time slices and for the current climate period . We saw before in Fig. 9 that in the region of the WAM the ERA-driven CRCM5 was capable of reproducing the two rainy seasons of the Guinea Coast (5°N): the first one in May-June and the second one in September-October, as well as the rainy season of the Sahel in JAS. The double rainy season of the Guinea Coast is lost when CRCM5 was driven by either GCM (CanESM2 and MPI models) that also missed this pattern. This is confirmed in Fig. 14 (top rows) for the 30-years period of current climate. As time passes, the shape and main features for each model remain quite similar, except for variations in the intensity of simulated precipitation from one model to the other and from one time slice to the other. Thus, for the period (2041-2070) CanESM2 projects a slight intensification of the precipitation around its maximum at 10°N (Fig. 14a) , while for the following 30-years period there is a projected reduction to values under the maximum of current climate . CanESM2-driven CRCM5 on the contrary projects a continuous intensification of precipitation until the end of the twenty-first century. On the other hand, the MPI-driven CRCM5 projects also an increase of the precipitation intensities as time passes, while its driver MPI model projects a gradual intensification essentially from the middle of the twenty-first century and until the end (Fig.  14b) . This being said, it is difficult to give credibility to the projections of models that failed to properly represent the current climate. This is particularly true in the WAM region for which the CRCM5, due to the bad boundary conditions coming from the driver models, simulates a very different mean annual cycle of precipitation compared to those obtained when driven by the reanalyses (see Fig. 9 , top right). CanESM2 and MPI, although suffering from the misrepresentation of the seasonal migration of WAM precipitation in the region of the Guinea Coast, show maximum intensities around 10°N that are more in accordance with the observations, but probably not for the right reason given the large differences noted in discussing the DPID.
Similarly, the circulation in the region of the WAM as projected by all of the models show little changes, as can be seen in Fig. 15 . The only remarkable changes are an intensification of the monsoonal winds by CanESM2 (Fig.  15a) in the second half of the century, which is not reproduced by the CRCM5, and a weakening of the TEJ by MPI in the next 30 years to almost an extinction in the following period (2041-2070) and a come back to values near the current climate at the end of the century. The MPI-driven CRCM5 seems not to be affected at all by these variations of the driving model.
Conclusions
In this paper, as part of our contribution to the CORDEX project, we analysed the performance of the fifth-generation Canadian Regional Climate Model (CRCM5) in simulating current climate over Africa when driven by two different coupled GCMs: the Earth system version of the Canadian Centre for Climate Modelling and Analysis (CanESM2) and the Earth system version of the MaxPlanck-Institut für Meteorologie (MPI-ESM-LR), and we presented the climate-change projections from the CanESM2-driven and MPI-driven CRCM5 simulations for the twenty-first century under the RCP4.5 emission scenario.
The two GCM-driven CRCM5 simulations of current climate were compared to different observational datasets, as well as to a reanalyses-driven CRCM5 simulation that was analysed in Hernández-Díaz et al. (2012) . The performances of the CRCM5 simulations were analysed with regard of the seasonal means of temperature and precipitation, the annual and diurnal cycle of precipitation, the daily precipitation intensity distributions and the representation of the WAM. Biases in temperature and precipitation differ in sign, magnitude and patterns between different models. As expected, the CRCM5 biases are smaller than those of the two driving GCMs for the 2-m temperature field in general, and this is also valid for precipitation, although to a lesser extent. The GCMs warm biases for 2-m temperature in current climate are overall corrected by the CRCM5, which constitutes an added value resulting from dynamical downscaling. On the other hand, some cold biases such as in the elevated terrains of Ethiopia and Sudan, present in the ERA-driven CRCM5 simulation in JAS, remain when driven by the GCMs and are somehow amplified in the case of the MPI-driven simulation although not present in the driving model. In JFM the tropical rainbelt is improved in CRCM5 compared to the driving GCMs, but on the other hand the wet bias east of Madagascar is intensified. In JAS, the wet bias of MPI in the Guinea Gulf and its dry bias in South Sudan are reduced in the MPI-driven CRCM5 simulation. The wet bias over the ocean in the Gulf of Guinea, present also in CanESM2, propagates to the coast in both GCM-driven simulations. This wet bias is associated with the GCM- simulated SSTs biases. In general, the CRCM5 simulations improve upon many of the driving GCMs features, including the annual cycle of precipitation and the distribution of daily precipitation intensities. In particular CRCM5 was able to correct the systematic bias of CanESM2 DPID toward lower precipitation intensities and its tendency for bimodal precipitation distribution. But in the region of the WAM, as a result of the GCM-simulated SST biases, the GCM-driven CRCM5 simulated annual cycle of precipitation misses the double rainy season of the Guinea Coast. This reinforces the point that although highresolution nested RCM are capable of improving upon many aspects of coarse-resolution driving data, there is a limit to what can be corrected by the downscaling of imperfect driving conditions. All projected climates become progressively warmer as the end of the twenty-first century approaches, the JAS season being generally warmer than JFM, but there are Fig. 14 continued some notable differences between models. CanESM2 projected warming is substantially larger that of MPI, and the CRCM5 projected warming is always smaller than that of its driving GCM. The projected warming is shared by all of the models, but there is little consensus for the magnitude and location of the regions of maximum warming. Nonetheless, when driven by MPI the CRCM5 shows more similar warming intensities with respect to the driving model than when driven by CanESM2.
Projected changes of precipitation in JFM are overall small but there is little consensus between the models projections and between the CRCM5 and its driving models, casting some doubt whether these are statistically significant. In JAS, the common feature of the projected precipitation changes is a narrowing of the tropical rainbelt and an intensification of its maximum, although the details of projected changes differ among the models. There are no major changes between the simulated annual cycles in current and future climate, although there are some differences. In the equatorial regions (CA-NH, CA-SH and WA-S), all models but CanESM2 project an intensification of the precipitation during the rainy seasons. On the contrary, CanESM2 projects decreased precipitation, in particular for the WA-S and CA-NH regions. For the other regions CanESM2 projects a longer rainy season for the EH region and higher intensities for EA region, while a slight reduction of intensities are projected for the Sahel region (WA-N) by CanESM2 and MPI-driven CRCM5. With regards to the simulated diurnal cycle and daily precipitation intensity distributions, there are no significant changes in the projections by all of the models compared to the current climate. Both GCM-driven CRCM5 simulations as well as the GCMs project an intensification of the tropical rainbelt in the region of the WAM to varying degrees. It is important however to keep in mind the difficulties that models encountered in simulating the WAM features in the current climate; so their future climate projections in this respect must be considered with caution.
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